Drug-eluting microspheres are used for embolization of hypervascular tumors and allow for 15 local controlled drug release. Although the drug release from the microspheres relies on fast ion-exchange, so far only slow-releasing in vitro dissolution methods have been correlated to in vivo data. Three in vitro release methods are assessed in this study for their potential to predict slow in vivo release of sunitinib from chemoembolization spheres to the plasma, and fast local in vivo release obtained in an earlier study in rabbits. 20
Introduction
Transarterial chemoembolization (TACE) is the standard of care for patients with hepatocellular carcinoma at an intermediate stage of disease. This treatment involves gel particles that radiologists inject under image guidance through a catheter into the patient's hepatic artery 45 (Bruix et al., 1998) and has been developed over the last decade (Laurent, 2007) . The microspheres embolize the artery and block the blood flow toward tumor tissue, suffocating the malignant hypervascular tumor tissue by inducing ischemia and eventually necrosis (Bruix et al., 2004; Li et al., 2004) .
In addition, microspheres can serve as carriers of an anti-cancer or anti-angiogenic drug to be 50 released on site. As an alternative to simple injection of the drug solution mixed with the contrast agent, ethiodized oil, followed by injection of blank microspheres (TACE), the use of drug-eluting microspheres (DEB-TACE) has found acceptance in current clinical practice. Efficacy and safety are increased due to locally defined drug administration and therefore reduced side effects (Lammer et al., 2010; Malagari et al., 2012) . Moreover, the drug is not administered as a 55 bolus injection, but is claimed to be released in a controlled manner over extended time periods.
The drug release from the microspheres is based on ion-exchange. The influx of small cations (Biondi et al., 2013; Liu et al., 2001 ) from biological fluids causes immediate release of the positively charged drug from the negatively charged sphere matrix. However so far, in vitro 60 dissolution methods resulting in slow drug release have been employed and validated for simulation of the in vivo environment, as the blood flow in embolized vessels is supposed to be reduced (Cheung et al., 2004; Gonzalez et al., 2008; Lewis et al., 2006) . Among them, the Tapparatus (Gonzalez et al., 2008) and incubation of drug-eluting beads in vials (Biondi et al., 2013) led to differing diffusion mechanisms for the currently used drugs doxorubicin and 65 irinotecan.
We have earlier shown DC Bead microspheres (Biocompatibles Ltd.), a widely used commercial type of embolic microspheres, to be an adequate carrier for a new drug, the anti-angiogenic agent sunitinib (Fuchs et al., 2014) .
In this investigation, we compared different in vitro methods to measure the drug released from 70 sunitinib-eluting beads, focusing on the influence of different hydrodynamic conditions. The question to be answered was which release set-up represents the best biorelevant conditions for microsphere release testing.
Materials & Methods
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1.
Loading of sunitinib into DC Beads DC Bead microspheres (Biocompatibles Ltd., Farnham, UK) consist of a poly(vinyl alcohol)-based hydrogel whose crosslinker contains sulfonate groups, bearing an overall negatively charged structure (Gonzalez et al., 2008; Lewis et al., 2007) . The protonation of the tertiary amine of the anti-angiogenic drug, sunitinib and consequent incubation with the concentrated spheres 80 results in high capacity of sunitinib loading into the spheres by ionic interaction (Denys et al., 07.06.2012; Fuchs et al., 2014) .
Sunitinib base (LC Laboratories, Woburn, MA, USA) was acidified in 0.1N HCl in a 1.1 molar excess to solubilize the drug. A 5% (w/v) glucose solution was added to obtain the stock solution (10 mg/ml). The content of a DC Bead vial was transferred to a separate vial and the storage 85 saline solution removed to obtain the net weight of spheres. After addition of a defined volume of saline, 30 or 100 mg spheres were sampled by volume under agitation into separate vials, the saline was withdrawn and the spheres' weight was controlled. Spheres were incubated with sunitinib solution (10 mg/ml) for optimal loading of 30 mg sunitinib/g spheres. The sunitinibfree supernatant was withdrawn after at least 2 h of incubation under agitation at ambient 90 temperature and light protection.
The loaded spheres were transferred into the USP release apparatus chambers by suspension in 0.5 ml pure Milli Q water or into glass vials in the orbital shaker by suspension in the release medium.
Release testing 95
The dissolution set-ups were (Figure 1 ):
1. Release experiment in an orbital shaker. 30 mg sunitinib-eluting spheres (100-300 µm, n=3) were incubated in glass vials filled with 25 ml 0.9% saline, shaken at 80 rpm, 37°C.
2. Release of 100 mg sunitinib-eluting spheres (100-300 µm, n=3) was done in a flowthrough apparatus Sotax CE 6 USP Type 4 (Allschwil, Switzerland), in implant cells 100 (diameter 6 mm). 200 µm grids (product n° 2970-4, d = 14.8 mm) and 5 µm nylon filters were inserted at the bottom and the top of the cell to retain the microspheres. The implant cells containing the microspheres were coupled to 200 ml medium reservoirs, a Sotax CY 6 pump at a flow rate of 5 ml/min at 37°C in a closed loop ensuring sink conditions, and a spectrophotometer (HP 8453, Agilent Technologies AG, Basel, 105 Switzerland). Release tests were carried out in NaCl 0.9% (in purified Milli Q water) (n=3) and Dulbecco's phosphate buffered saline (DPBS, LifeTechnologies, Zug, Switzerland, catalogue n° 14190) (n=3). In a separate experiment, the implant chambers were filled with a bed of 1 mm glass beads at a height of 7 mm and release was tested in saline (n=3). 110 3. Flow-through testing in the same Sotax CE 6 apparatus was carried out under the same flow conditions as described above in 0.9% saline (n=3) or DPBS (n=3), while retaining the spheres in a 22.6 mm flow-through cell in a dialysis cylinder insert (Bhardwaj and Burgess, 2010) 
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The drug release was quantified by spectrophotometry at a wavelength of 430 nm (Agilent HP 8453) under light protection (Haouala et al., 2009) . At the end of the release, absolute ethanol (EtOH) was added to the media to achieve a final concentration of 30% (V/V) with the purpose to extract all sunitinib from the spheres. The obtained release plateau after EtOH addition served as reference for 100% drug release. 125
Release profiles were compared by computing the FDA similarity factor f 2
where R t and T t are the cumulative percentage of the drug dissolved at each of the selected n time points in the reference and the test set-up, respectively. An f 2 value between 50 and 100 ensures profile equivalence. This approach is commonly used to compare the performance of two products (USP36-NF31, 2013). The release profiles were also fitted into different kinetic 130 equations (zero order, first order, Higuchi, Peppas, and Boyd (Boyd et al., 1947; Chretien et al., 2004; Gonzalez et al., 2008; Reichenberg, 1953; Taylor et al., 2007) ) to determine the governing release mechanism (Table 1) .
Release Kinetic Model
Mathematical equation
Peppas (power law) Table 1 . Kinetic equations to determine sunitinib release kinetics from microspheres.
M 0 , M t , and M ∞ are the absolute cumulative amount of drug released at time 0, t, and infinite time, respectively, k 0 the zero-order kinetic constant, k 1 the first-order kinetic constant, k H the Higuchi rate constant, k a constant incorporating structural and geometric characteristics of the system and n the release exponent. In the Boyd model, B is the exchange rate constant, from which the diffusion coefficient D i of two exchanging ions inside the 140 microsphere (radius r = 156 µm in sunitinib-loaded state (Fuchs et al., 2014) ) was calculated.
In vitro-in vivo correlation
To evaluate which set-up represented in vivo conditions best, the obtained release kinetics from 145 the three set-ups were related to in vivo concentrations obtained from previously conducted studies (Fuchs et al., 2014) . Briefly, seven healthy New Zealand white rabbits were embolized with 100-300 µm microspheres loaded with 6 mg sunitinib. Four animals were sacrificed 6 h and three animals 24 h after embolization. Plasma concentrations were monitored until 6 h (n=7) and at 24 h (n=3). 150
The AUC (area under the curve), calculated by the trapezoidal method from in vivo plasma concentrations, was correlated to the cumulative release in vitro. An alternative approach for an in vitro-in vivo correlation is the convolution of in vitro dissolution data to predict plasma concentrations in vivo according to the FDA guidelines (FDA, 1997), which are accepted for parenteral formulations (Uppoor, 2001) . As described by Qureshi (2010) , the amount of drug 155 released in vitro between two sampling times (amt.) was calculated. By use of the elimination constant k e = 0.693/t 1/2 , the first order elimination rate for each drug amount released between two sampling times was determined. The plasma profiles were consequently predicted by the formula concentration (ng/ml) = amt.*1000/(V d *body weight), where the bioavailability was considered 100% after i.a. administration. Half-life of sunitinib of 50 h and its apparent volume 160 of distribution V d of 2230 L in humans were retrieved from the product monograph for oral sunitinib (Pfizer, 2014) . Given the average body weight of 70 kg for a human, V d was approximated to the body weight of 3.5 kg for a rabbit by division by 20. The convoluted plasma profiles from in vitro data until 50 h from the three set-ups were then compared to the in vivo plasma concentrations measured in rabbits. 165
The ratio of the mean tissue concentrations at 6 h (n=4) and 24 h (n=3) was compared with the ratio of cumulative and differential release in vitro at the same time points.
Results & Discussion
Several attempts for standardizing microsphere release testing methods have been reported 170 (Amyot et al., 2002; Carugo et al., 2012; Cheung et al., 2004) , if possible by modifying compendial methods (Siewert et al., 2003) . The method should be able to distinguish different formulations and to mimic in vivo conditions after injection of a suspension of embolic microspheres. 175
Drug release in an orbital shaker
A simple release method (Figure 1 ) consists in incubating the microspheres in the release medium while stirring or shaking. However, inter-laboratory standardization is difficult, and the method is not included in pharmacopeia. Thus, this practicable set-up was used for preliminary experiments. Microspheres in saline medium in the orbital shaker showed a relatively sustained 180 (t 50% = 4.5 h) and incomplete drug release (84%) for sunitinib (Figure 2 ), as for doxorubicin (Jordan et al., 2010) . This was attributed to the low shear stress in the dissolution flask. 
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After 2.6 days: 30% EtOH addition to (X) and (). All release experiments were done in triplicate, error bars indicate standard deviation (S.D.).
Drug release in flow-through implant cells
Drug release in flow-through implant cells (Figure 1 ) was fast and complete in saline and in 190 Dulbecco's PBS. Half of the sunitinib loaded onto the spheres was eluted within 1 h from 100-300 µm DC Beads in NaCl 0.9%, with a final release of 100%. However, when the sunitinibeluting spheres suspension was dense and spheres closely packed in the implant cells, the saline medium did not access all single spheres and only 80% instead of 100% of the initial sunitinib content was released. Some spheres were still colored by sunitinib as seen in Figure 2c in (Fuchs 195 et al., 2014) . In the present study, filling half of the implant cell chamber with a bed of glass beads to homogenize the speed profile and prevent agglomeration (Zolnik, 2005) did not significantly change the final release or the release profile (f 2 similarity factor = 72, similar profiles, Figure 2 ) because spheres were able to float.
The composition of the release medium influenced the release kinetics. The drug-ion exchange 200 as a mechanism of loading and release has been demonstrated for other clinically used drugs like irinotecan and doxorubicin (Biondi et al., 2013; Gonzalez et al., 2008; Jordan et al., 2010) .
Thus, we found isotonic NaCl 0.9% (ionic strength: 154 mM) to be an appropriate release medium for drug-eluting hydrogel spheres. The medium pH value was modestly different after complete (pH = 6.51 ± 0.55, n=3) or partial (30% released, pH = 6.85 ± 0.20, n=3) release of 205 sunitinib in saline due to the presence of the conjugated acid form of the drug. Phosphate buffer saline (PBS) might also be used as a release medium, although some drugs (e.g. doxorubicin) may tend to precipitate at high concentration (>5 mg/ml). Release in implant cells in Dulbecco's PBS with a sufficient ionic strength of 333 mM resulted in similar fast dissolution kinetics (f 2 similarity factor for dissolution profile comparison = 78) compared to release in 210 saline, although with a slightly, but significantly lower final release at the plateau (94 vs. 100 %, P=0.01, two-tailed t-test).
When using cell culture medium, the drug release pattern might be influenced by the presence of serum proteins and thus might be enhanced (Cheung et al., 2004; Gonzalez et al., 2008) , causing precipitation. This would require a more complicated analysis method than simple and 215 fast UV/vis spectroscopy.
USP Sotax implant cells were used in this study because of their suitability to retain microspheres with thin filters in a small cylindrical compartment, maybe even similar to a vessel, without creating resistance to flow. The method with implant cells is discriminative for different ion-exchange formulations and drugs despite the instantaneous release, such as 220 sunitinib, doxorubicin, and irinotecan release from different sphere types (Jordan et al., 2010 ).
The Reynolds number, which is a measure for the flow stress in the implant chambers, is defined as Re = F·l / (ν·A) with F = volumetric flow rate, l = length of the chamber, ν = kinematic viscosity, A = chamber cross-sectional area, and indicates a laminar flow for values of Re <2000. 
Drug release in dialysis cylinder inserts 230
To potentially rule out the aforementioned important effects of flow rate, we carried out flowthrough testing in the same Sotax CE 6 apparatus while retaining the spheres in a dialysis cylinder (Figure 1 ) (Bhardwaj and Burgess, 2010) . This adapter for dispersed systems had been claimed to be flow rate and sample volume independent, discriminative between different formulations and to enable high final release (Bhardwaj and Burgess, 2010) . We obtained 235 prolonged, in contrast to Bhardwaj and Burgess (2010) incomplete elution kinetics that continued up to 27 days ( Figure 3) . In this dialysis set-up, the sample was packed at the bottom of the insert and only bathed by a tangential laminar flow (Reynolds number = 27). Despite the high membrane molecular weight cutoff (Gao and Westenberger, 2012) , sunitinib diffusion through the dialysis membrane was the limiting step, thus slowing down sunitinib diffusion out 240 of the spheres due to violation of sink conditions inside the dialysis cylinder. Similar observations were reported by Cipolla et al. (2014) , for whom the dialysis system was not suitable, as the rate of drug release from the spheres exceeded the transport of free drug through the dialysis membrane. Accordingly, 100% sunitinib release, detected in implant cells immediately upon addition of EtOH, was reached in dialysis inserts only after 1 day (Figure 2 
4.
Comparison of release profiles in different set-ups Table 2 and Figure 2 summarize the tested set-ups and conditions, and the time to reach 50% and 75% of the final release. 255
The FDA similarity factor f 2 showed the differences between the release profiles of a single formulation in the three different set-ups, demonstrating the influence of the flow conditions. Sunitinib release from microspheres in saline in the orbital shaker compared to Sotax implant cells was slower and resulted in different release profiles (f 2 similarity factor for dissolution profile comparison = 22). Fast release in the implant cells compared to the very slow release in 260 dialysis inserts in saline (f 2 = 10) and in DPBS (f 2 = 12), respectively, clearly indicated different profiles due to different agitation of the spheres depending on the chamber. The similarity factor f 2 also showed difference between sunitinib release from the microspheres in saline, whether in the orbital shaker or contained in dialysis inserts (f 2 = 15). Similarity factors were calculated by omitting the lag phase at the beginning of the elution in the dialysis inserts. Given 265 that only a single formulation was tested, these differences pointed out the different responses obtained according to the method used.
Drug release fitting with release models
In order to evaluate the kinetics of the drug release process from a single formulation under 270 different hydrodynamic conditions, the experimental data were fitted to different release equations. We retained the model that described best the order of release with a determination coefficient close to 1. Thus, influence of the shear stress during release should be confirmed if the mechanism changed as a function of the set-up. Among zero order, first order, Higuchi and Peppas models, all release profiles were represented well by the Peppas power law fitting up to 275 60% of release, with two of the release profiles fitting better with Higuchi (sunitinib-eluting microspheres in implant cells or dialysis inserts, suspended in saline). Table 2 displays the   determination coefficients R 2 , all greater than 0.9 for Peppas, and the release exponent n obtained in the different set-ups. The release exponent n was determined to be greater than 0.43 (Siepmann and Siepmann, 2008) for all experiments, surprisingly indicating non-Fickian 280 anomalous transport and polymer swelling to be the rate-controlling steps. However, release in the dialysis inserts in saline could as well be fitted to the first order and Higuchi equations with determination coefficients of R 2 =0.99 indicating diffusion control, thus being non-conclusive for the slow-release profile. Slow-release profiles from ion-exchange resins had earlier been successfully correlated (Chretien et al., 2004; Taylor et al., 2007 ) with the Boyd model (Boyd et 285 al., 1947) , which describes particle diffusion to be rate controlling over chemical ion exchange and film diffusion mechanisms. Particle diffusion was assumed due to sufficiently high ion concentration in the medium (Gonzalez et al., 2008) , but not confirmed for doxorubicin release from DC Beads (Biondi et al., 2013) . Only for the set-ups yielding prolonged sunitinib release from DC Beads, the release profile could be fitted to the Boyd model with a determination 290 coefficient >0.9. Release in the orbital shaker (R 2 =0. (Gonzalez et al., 2008) ). Whether the diffusion of sodium ions into the sphere could be described as particle diffusion was consequently also dependent on the choice of release set-up. 
In vitro-in vivo correlation (IVIVC)
Hydrodynamic stress influence on release was previously reported for doxorubicin-loaded spheres (Cheung et al., 2004; Gonzalez et al., 2008) , and in vitro release was related to drug concentrations in patients. Gonzalez et al. (2008) correlated the prolonged doxorubicin release 305 in the T-apparatus with patients' plasma AUC until 24 h after administration of doxorubicin. In the T-apparatus, the drug is eluted from spheres in a well by diffusion and then transported by a tangential flux (Amyot et al., 2002) . However, drug plasma concentrations following chemoembolization -which should preferably be as low as possible to avoid adverse systemic effects -are not representative for effects within the tumor and are time-shifted after local 310 administration due to distribution in body compartments. Comparison with tissue concentrations is more representative of local drug activity, although more complicated to realize. Namur et al. (2011) found doxorubicin concentrations in liver explants of patients after 8 h of embolization with doxorubicin-eluting beads to be approximately twice as high as after 9-14 days, indicating a drug concentration peak in the tissue shortly after embolization. 315
The release profiles of sunitinib from microspheres obtained in saline under different hydrodynamic conditions were compared with in vivo area under the curve (AUC) and tissue concentrations. First, plasma sunitinib concentrations in rabbits embolized with sunitinib-eluting spheres (Figure 4 A) (Fuchs et al., 2014) were used. The area under the curve (AUC) of sunitinib in vivo was only related to the in vitro-released cumulative drug amounts in the dialysis insert 320 set-up in a Level A (point-by-point) IVIVC (FDA, 1997) until 24 h (Figure 4 B) . Release in vitro in the orbital shaker or implant cells was faster than appearance of the drug in plasma over time.
Correlation over a longer period would give better insights, as the drug levels in the systemic circulation might increase more after one day of administration.
Following the description for in vitro-in vivo correlation by Qureshi (2010) , in vitro release data 325 were convoluted with a first order elimination model, leading to predicted plasma profiles (Figure 4 C) to be compared with in vivo plasma concentrations. All three in vitro set-ups predicted too low plasma concentrations because of the lower initial dose used for in vitro experiments (0.9 mg or 3 mg sunitinib) compared to 6 mg which had been injected into rabbits.
Focusing on the profiles' shape, t max should be at 7 h (implant cells), 27 h (orbital shaking), or 330
should not be reached at 50 h (dialysis inserts). Elimination was visible as a decrease in predicted drug plasma levels after 7 h, when fast release occurred in implant cells. For comparison, drug plasma levels measured in vivo were higher after 24 h than after 6 h. Similarly to the AUC correlation, the slow-releasing in vitro profile seemed to fit better to the sunitinib plasma concentrations found in rabbits. However, the convolution method took into account 335 elimination, but not distribution into other compartments. The late appearance of the drug in the blood might actually be due to the initial drug distribution into the tissue, before redistribution into the circulation at later time points.
(A) (B) 340 (C) Figure 4 . (A) Sunitinib plasma levels after intra-arterial administration of sunitinib-eluting microspheres (6 mg sunitinib loaded on 0.2 g spheres) in healthy New Zealand white rabbits (n=7 until 6 h, n=3 at 24 h) (Fuchs et al., 2014) .
(B) IVIVC until 24 h from plasma AUC of healthy New Zealand white rabbits after intra-arterial administration of 345 sunitinib-eluting beads (Fuchs et al., 2014) with in vitro cumulative release of sunitinib-eluting beads.
Release in the orbital shaker () and in implant cells () in NaCl 0.9% was faster than the appearance of sunitinib in rabbit plasma, whereas slow release in dialysis inserts in saline (▲) correlated linearly with AUC until 24 h (R²=0.95).
(C) Convoluted plasma concentrations from mean release of in vitro experiments (n=3) in the orbital shaker (), in 350 implant cells (), or dialysis inserts (▲) in NaCl 0.9%.
Local drug tissue concentrations were 4.4 times higher at 6 h than at 24 h after intra-arterial injection of sunitinib-eluting spheres, thus clearly favoring a relatively fast sunitinib release model for the representation of drug concentrations at the tumor site. Considering the rate of 355 drug released rather than the cumulated values, the ratio of the differential drug amounts released in saline until 6 h and 24 h in the three tested set-ups was 4.6 in the orbital shaker, 70.6 in the Sotax flow-through implant cells, and 1.8 in the Sotax dialysis inserts. Thus, local concentrations in rabbits were well represented by the simple orbital shaking method, which is however not standardized and whose Reynolds number varies especially depending on vial 360 dimensions and amount of medium used. Among the pharmacopeia-approved methods, the flow-through implant cells, although overestimating the relation of two available tissue concentrations in vivo, represented the actual fast drug wash-out off the spheres, which might be of interest to compare different types of microspheres used for liver chemoembolization.
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Conclusion
The hydrodynamic stress, flow rate and the drug's physicochemical properties play crucial roles in the rate and extent of drug elution. Among three different set-ups, slow drug release correlated better with in vivo drug plasma levels, whereas fast release represented tissue drug levels. Flow-through implant cells detected the immediate release of sunitinib from ion-370 exchange microspheres in a small vessel-like chamber, and would be best suited to discriminate between different types of drug-eluting spheres. Slow release in dialysis cylinder inserts only correlated because of drug redistribution mechanisms between tissue and plasma in vivo and was not the method of choice for fast-eluting microspheres due to low drug diffusion (Wacker, 2013; Wacker, 2014) . A flow-through set-up with relatively low shear without a membrane 375 barrier might be envisaged.
